Abstract-Over-the-air characterization of wireless devices is performed using specific channel models. Channel models define the distribution of the incident signals over angle and polarization, but always assuming a large number of signal paths. However, in some real cases, the number of signal paths can be limited. This letter studies the effect of the number of signal paths on the high-speed downlink packet access (HSDPA) throughput, using a commercial phone. Differences in performance are found, depending on the number of signal paths. This highlights the importance of the number of signal paths in the characterization of wireless devices.
W
IRELESS devices should be characterized under a number of typical propagation channel models in order to ensure a certain minimum performance. A proper definition of channel models has been an interesting research topic in recent years. This letter intends to put some attention on the effect of the exact number of signal paths on high-speed downlink packet access (HSDPA) throughput, when the number of paths is small.
Most of the typical channel models used in industry [1] , [2] assume a large number of incident waves at the device under test (DUT). This assumption is fair for many real cases, especially when the user is in an urban environment. However, for other real-life environments, this assumption is debatable, and some studies show that sometimes most of the transferred power is contained in only a few signal paths [3] - [6] .
Emulation of multipath environments can be easily performed using mode-stirred chambers (MSCs) [7] , which have become one of the established techniques to do over-the-air (OTA) measurements during the last few years. However, as it is shown in [3] , the capacity of multiple-input-multiple-output (MIMO) devices is affected when they are working in environments where there is not a large number of signal paths (as rural ones). Therefore, it is necessary, in order to guarantee a minimum performance for commercial mobile phones, to test these devices in environments where the number of signal waves is limited. This analysis can be easily done using a multipath simulator (MPS) since it allows controlling the number of signal paths [8] - [10] . Taking over the work presented in [11] for passive antennas, this letter presents measurements of HSDPA throughput using an MPS with 2-8 paths. The results are analyzed in terms of average and standard deviation throughput, as well as sensitivity levels, in order to detect whether or not this variable has an important effect over the HSDPA throughput performance of commercial devices.
II. SETUP

A. Multipath Simulator
The MPS used in this study consists of an array of eight dual-polarized antennas (16 antennas in total) distributed in a ring of 1.4 m radius. Therefore, the MPS simulates a 2-D signal environment, where two signal polarizations are used (vertical and horizontal).
Each of the eight dual antennas is fed through a fiber-optic delay line that introduces a fixed delay, different for each dual antenna. During this study, we only use the dual antennas fed through the four fiber optics with the closest lengths in order to avoid the effect of delays on the study as much as possible. Lengths of the used fibers are 11, 24.5, 81, and 139 m.
Each signal path in the MPS has a phase shifter in order to emulate the fast fading environment experienced in a multipath environment by any device under real use conditions. Attenuators are introduced between fibers and phase shifters to allow switching on and off each of the signal paths via software. Using that feature of the MPS, it is possible to change the number of paths composing the link without changing the DUT position.
B. Performance Metric
Results are analyzed in terms of HSDPA throughput, measured from the estimation of downlink block error rate (DL BLER). DL BLER is estimated according to the definition in [12] (1) (2) Where acknowledgment (ACK) is the percentage of transmission packets that the phone answered after successful cyclic redundancy code (CRC) check, negative acknowledgment (NACK) is the percentage that the phone answered to indicate unsuccessful transmission, and discontinuous transmission 1536-1225/$31.00 © 2012 IEEE (DTX) the proportion that were not answered at all and caused discontinuous transmission.
A Rohde & Schwarz CMU-200 base station emulator (BSE) is used as measurement equipment. A diagram of the used setup is showed in Fig. 1 .
Measurements are performed by doing a sweep over the output power level of the BSE and taking the throughput measurement for each power value. Each of these throughput samples is measured using 2400 HSDPA subframes in about 15 s. A maximum Doppler shift of 50 Hz is used in the phase shifters to ensure that 15 s allow enough fading during the measurement.
III. MEASUREMENTS
Measurements are performed using a commercial phone HSDPA category-8-capable. Channel 10562 of HSDPA Band I is used (2110 MHz). The HSDPA fixed reference channel (FRC) to be used for these measurements is the H-Set 3, according to the phone HSDPA category [12] . The term "fixed" indicates that both modulation and coding are static during the measurements. 16-QAM modulation is used due its higher sensitivity to fading conditions when compared to QPSK modulation. Other testing conditions are extracted from [13] . Three different cases are studied, with two, four, and eight signal paths.
The MPS comprises 16 antennas, so there are different combinations of antennas that can be used to perform this study. Twelve realizations are taken for each case, using randomly chosen combinations of the antennas. The power is the same in each path in all measurements, so different numbers of paths lead to a different power level at the DUT. This effect is taken into account during the calibration of the MPS, so the BSE is properly configured with the correct link losses. Therefore, differences in performance are not expected to be due to changes in power level.
As 12 randomized combinations of the 16-ring distributed antennas are used (including eight vertical and eight horizontal polarized), there is no preference given to any polarization or angle of arrival (AoA) in order to make the study valid for a general case where there is not predominance of any polarization or AoA direction.
The DUT is placed at the center of the MPS antenna array and in free-space condition (without head or hand). Measurements are performed with the phone in vertical position with respect to the plane defined by the antenna array. The antenna radiation pattern in that plane is close to omnidirectional, so the effect of radiation pattern changes is minimized. This effect cannot be completely avoided when using commercial phones. Fig. 2 is a box-and-whisker plot of the power levels where 90% of maximum throughput is reached, as a function of the number of signal paths. This 90% level is commonly used in industry as the sensitivity level of the phone [14] . Fig. 3 shows the results for the power level where 10% of maximum throughput is reached.
Both the 90% and the 10% levels show an important increase in the spread when the number of signal paths is reduced. Differences are especially clear if we compare the case with two signal paths to any of the other cases. The spread with two paths is almost twice the spread of the eight-signal-paths case. Even four signal paths show a big difference compared to two. Measurements are done under fading condition, so there is a spread in the measurement due to the fading. As mentioned before, measurements are taken over a long enough time to ensure that the spread increase due to fading is similar in all cases. Tables I and II show the best and worst cases, as well as the mean and median values for both the 90% and 10% levels. One can observe the different trends of mean and median power values between the 90% and 10% power levels. In Table I , it is shown how the trend of the median power values is higher (worst performance) when the number of paths is increased. The effect is the opposite for the case of 10% throughput level. In that case, an increase in the number of signal paths leads to lower mean values (better performance).
This effect can be explained if we take into account the fact that the HSDPA standard implements a scheme of retransmissions called "redundancy and constellation version coding" [15] , which provides an incremental redundancy between retransmissions. When the phone is working at high power (as it is the case of results shown in Fig. 2 ), no retransmissions are needed, so the phone is more sensitive to the signal fading. On the contrary, when the phone works at low power (results shown in Fig. 3 ), redundancy is added in the retransmissions, making the phone less sensitive to the signal fading. The signal fading is increased by a greater number of paths. Consequently, performance is reduced at the 90% level, but improved at the 10% level, for a larger number of signal paths. Fig. 4 shows the standard deviation of the measurement for the three cases. Standard deviation is quite similar for the cases with four and eight signal paths, but there is an important increase in the case with two signal paths. It is also seen that standard deviation of HSDPA throughput has an important dependency on the power level. 
IV. CONCLUSION
A commercial mobile phone is characterized in terms of HSDPA throughput using an MPS. The MPS provides a 2-D signal environment, where the number of signal paths can be controlled. Measurements are reported with eight, four, and two signal paths.
The main effect observed when decreasing the number of signal paths is an important increase of the measurement spread. With only two signal paths, differences of more than 10 dB in the sensitivity level of the phone are shown. These big differences can lead to a mistake differentiating a good and a bad phone.
Apart from that, differences on the mean values are found for different working zones of the DUT. This shows that the number of signal paths has a different effect when the phone is working around the maximum level of throughput (90% level) and when the phone works close to the minimum level (10% level).
Measurements presented in this letter show that the number of signal paths in the channel models used for characterization is important. Most of the already defined channel models assume a large number of signal paths, but some realistic situations could require characterization with a reduced number of signal paths. This characterization can be used to estimate the maximum variations in performance that a user can experience in a real environment with a limited number of signal paths.
